Abstract: This paper focuses on the Ice, Cloud and land Elevation Satellite (ICESat) Geoscience Laser Altimeter System (GLAS) data availability over the 2 million km 2 Cerrado, the Brazilian central savanna biome and one of the world's biodiversity hotspots. Overall, about 2.5 million laser shots, distributed along the seven years of ICESat operation (2003)(2004)(2005)(2006)(2007)(2008)(2009) and comprising three major seasonal domains, were acquired, from which, 206,026 and 176,035 screened footprints are coincident with the remnant vegetation and cultivated pasture areas (the dominant land-use form in the Cerrado). Although these points are well distributed over the entire Cerrado, the ICESat track data collection results in substantial data gaps. In relation to the 15,612 Cerrado watersheds (6th order Otto basin system), 8,369 and 4,415 watersheds are completely deprived of data points over their remnant vegetation and pasture covers, respectively. Light Detection and Ranging (LIDAR) availability was also evaluated in relation to specific targets of interest, including both fully-protected conservation units as well as areas impacted by fire and deforestation. In spite of the very few occurrences, our assessments indicate that enough LIDAR data is available for retrieving structural and functional properties of a variety of Cerrado physiognomies, as well as to assess how these physiognomies respond to anthropogenic induced changes. In fact, the comprehensive data availability analysis conducted in this study corroborate the potential of GLAS LIDAR waveforms for the retrieval of biophysical
have demonstrated the ability of SAR (Synthetic Aperture Radar) backscatter, at different polarizations and wavelengths, to respond to variations in structure and biomass in savanna environments [32, 33] . In particular, Sano et al. [34] showed better performance by L-band SAR, compared to optical vegetation indices, in differentiating the major Cerrado physiognomies, characterized by a complex mosaic of intermixed-vertically and laterally-grass, shrub and tree layers. Nevertheless, and despite the ability of the microwave radiation to penetrate through the canopy and to respond to volumetric parameters, it may saturate at relatively low biomass [35] , within the range of biomass values encountered in the Cerrado woodland, where tree cover can be as high as 70% [36] .
On the other hand, waveform LIDAR (LIght Detection And Ranging), which consists of height temporal profiles precisely recorded as the transmitted energy returns from the ground and from inside the canopy [37] , has been proven to correlate well to a wide range of biomass values and other structural parameters [38] [39] [40] [41] [42] . The GLAS (Geoscience Laser Altimeter System), onboard ICESat (Ice, Cloud and land Elevation Satellite), operational from 2003 to 2009, is the only source of spaceborne LIDAR data available [43] . Due to mission requirements, i.e., repeating of individual transects, and circumstances (failure of laser 1 at the very early stage of the mission forced the two remaining lasers to operate on a reduced sampling scheme), GLAS spaced transects provided incomplete data coverage. Limitation in data availability, however, can be minimized by combining the GLAS LIDAR records with other wide swath sensors, which in turn can boost the specific information provided by each sensor individually [44, 45] . Concerning the Cerrado biome, in addition to being instrumental for the retrieval of regional biomass values, the analysis of the GLAS LIDAR waveforms can also provide new insights on the structure and functionality of the Cerrado physiognomies and how they respond to seasonality, a key element in carbon flux [46] , as well as serve to evaluate the environmental impacts of human-induced disturbances, such as deforestation and fires [47] . Likewise, orbital LIDAR data could be used to assess degradation in cultivated pastures, the dominant land use form in the Cerrado and certainly its most important emergent ecosystem. Although the differences in pasture height are likely below the GLAS detection threshold, the shapes and overall energy of the waveforms can vary in response to differences in biomass, increase in bare soil exposure, prevalence of non-photosynthetic grasses and arbustive regrowth, the most evident signs of degradation, believed to affect at least 50% of the approximately 600,000 km 2 of pastures encountered in the Cerrado [48] .
In spite of the enormous potential of LIDAR remote sensing for improving our understanding of the Cerrado ecology and, to a certain extent, its territorial governance, to date no use whatsoever has been made of the different GLAS data products. Within this context, we conducted a meta-analysis study on the GLAS LIDAR data availability over the Cerrado biome, which could subsidize future derivation of regional biophysical maps and assessments of anthropogenic changes and impacts. Specifically, we focused on the availability and spatial distribution of GLAS data over the Cerrado remnant vegetation and cultivated pastures, as well as over specific sites of interest, including fully protected areas (where ecological studies can rely on pristine vegetation) and areas subject to recent deforestation or burnings.
Data Analysis and Approaches
The main steps of this study concerning data organization, processing, and analysis are depicted in Figure 1 . ICESat GLAS availability assessments were based on the level 1B GLA06 global elevation data (release 31), campaign mode 91-day repeat orbit acquisitions (2a through 2f), obtained from the Center for Space Research (UT-Austin CSR) in-house data archives. Data points within the Cerrado limits, screened for cloud contamination (based on the GLA06 elevation flag), were partitioned into three main seasonal categories (dry season, early wet season, and late wet season) and then subsetted according to the different levels of analysis, i.e., major Cerrado land-cover types, fully-protected conservation units, and deforestation and burnt areas. Additional quality assessments of the laser shots were performed for one specific track (and successive campaigns), based on the analysis of the saturation (low and high gains), saturation and forward scatter, large off-nadir angle, and transmit energy flags, as well as on the comparison with the shuttle radar topography mission (SRTM) elevation data. Although GLAS06 and SRTM elevations are based on distinct geoids and models and depict the landscape from different perspectives and at different resolutions, the SRTM data, obtained from an 11 day mission in February 2000 [49, 50] , can be considered a stable reference, against which the LIDAR elevation differences may indicate both variations in data quality and temporary or permanent target changes. At the biome scale, the spatial distribution patterns of the LIDAR data points over the total remnant vegetation and cultivated pastures, as selected from the 2002 Landsat-based PROBIO map [51] (Conservation and Sustainable Use of Brazilian Biodiversity Project, Brazilian Ministry of the Environment Biodiversity Program. Map, in both vector and raster format, freely available at http://mapas.mma.gov.br/mapas/), were investigated in relation to the 15,612 watersheds comprised in the 6th order Otto basin classification system [52, 53] . LIDAR data availability over remnant vegetation was also evaluated in relation to the 130 fully-protected conservation units, at the Federal, State, and Municipality levels, distributed throughout the biome.
As for the assessment of LIDAR availability over disturbed areas, for which before and after datasets are needed for comparative purposes, both recent deforestation polygons detected within the scope of the Cerrado Warning Deforestation System (SIAD Cerrado) [28, 30] , through the comparison of 2006 and 2007 MOD13Q1 normalized difference vegetation index images [54] , as well as the 2007 fire affected areas (burnt scars over natural vegetation) assessed through the MOD45A1 product [55] [56] [57] , were considered.
Results and Discussions
During the entire ICESat GLAS lifespan (2003) (2004) (2005) (2006) (2007) (2008) (2009) ), approximately 2.5 million laser returns were acquired over the Cerrado biome (Figure 2 ), distributed between 17 campaigns, whose duration, time of the year covered, and quantity of data collected are shown in Table 1 Cerrado GLAS LIDAR Data Availability
The proportion of good data, i.e., returns with gain values smaller or equal to 30 (a threshold value above which data can be cloud contaminated and higher gain values, up to 255, are needed to boost the weak signal) for each campaign is shown in Figure 3 . In relation to laser 2, the amount of good data available drops dramatically from campaign 2a (43%) to campaigns 2b (12%) and 2c (2%), while only few good data points were acquired after the laser 2 revival in late 2008, i.e., during campaigns 2d (0.1%), 2e (0.4%), and 2f (0.2%). Regarding laser 3, the proportion of good data can be grouped into three main domains, varying from 38 to 34% (campaigns 3a, 3b, and 3c), from 25 to 18% (campaigns 3d, 3e, and 3f), and from 11 to 2% (campaigns 3g, 3h, 3i, 3j, and 3k), which are consistent with its diminishing power over time (i. It is interesting to observe that the differences in elevation between the GLAS06 and the SRTM data (track 1349) ( Table 2 ) also tend to accompany the variations shown in Figure 3 , i.e., higher differences seem to be more prevalent with the low energy campaigns. In fact, comparative to the campaign 2a, whose mean LIDAR-SRTM difference is 14.75 m, the campaign 2e transmitted energy is, on average, 14 times lower, which may explain its much higher elevation difference in relation to the SRTM data (26.97 m). Although these differences are primarily related to the way each elevation data is derived, as indicated by their high latitude dependence, variations in the correlation values also indicate the role played by the data quality itself and other extrinsic factors, such as seasonality. Overall, the similar magnitude of the LIDAR-SRTM differences corroborates the usefulness, although at different confidence intervals, of the screened data from the 17 GLAS campaigns. Likewise, the analysis of additional GLAS06 quality flags over ICESat track 1349 also suggests that data screening based on the elevation flag (i.e., selection of data with gain values ≤ 30) eliminates large off nadir and saturated LIDAR returns (i.e., use of a gain value lower or higher than required, due to the influence of contrasting adjacent returns) as well. The ICESat GLAS screened data, grouped according to the major Cerrado seasonal domains, is shown in Table 3 . Overall, about 500,000 good LIDAR returns are available, from which 29.7% were acquired during the Cerrado dry season, while 46.9 and 23.5% were acquired during the early and late stages of the wet season, respectively. Concerning the major Cerrado land cover types, i.e., the remnant natural vegetation and the cultivated pastures, a total of 206,026 and 176,035 data points are available, respectively, mostly acquired during the early wet season (50.5% and 45.1%), followed by acquisitions in the dry season (28.1% and 30.7%) and late wet season (21.4% and 24.2%). It is interesting to note that, as opposed to sun-synchronous passive orbital sensors, whose data quality is strongly coupled to the Cerrado seasonality [58] , LIDAR data, although subject to severe availability issues, can be obtained at key seasonal phenological stages ( Figure 5) .
At the watershed level, and considering only those watersheds for which either the remnant vegetation or cultivated pastures comprise at least 20% of the total land cover, a similar distribution pattern is observed regarding the number of LIDAR points, as well as the number of watersheds containing these observations and the respective land cover area they comprise (Figure 4(a-c) ). As the Cerrado area covered with natural vegetation is significantly larger and more widespread, more data points, comparatively to those over the pasture sites, are observed. Such differences, however, seem to be less important at those watersheds coincidentally containing data points from all the three main acquisition periods considered (i.e., 150,421 and 146,553 LIDAR points over the natural vegetation and cultivated pastures, respectively). Although these "coincident" watersheds are fewer in number (1,697 and 1,564) and comprise smaller amounts of remnant vegetation and cultivated pastures (325,065 and 250,132 km 2 ), they encompass 73% and 83% of all acquisitions over the natural vegetation and cultivated pastures.
Regarding the watersheds without LIDAR acquisitions over their respective remnant vegetation or pasture covers, these are found in much larger number for both land cover types and at any given period (Figure 4(d) ). Interestingly, while the proportion of remnant vegetation located at those watersheds without LIDAR observations is always higher, the total pasture area at such watersheds is slightly smaller, compared to the pasture area encountered within watersheds with LIDAR acquisitions (Figure 4(e) Table 4 . Cont.
Matching transect-based LIDAR points with specific ground targets is also a challenge regarding the relatively small disturbed areas. and 3f GLAS campaign acquisitions, i.e., likely encompassing the landscape immediately before and after deforestation occurred (Table 5 ). In relation to the 2007 burnt scars over the remnant vegetation, the GLAS LIDAR data was evaluated according to three distinct before-after groups: (1) (Table 6 ). Over both the deforested and burned polygons, it is interesting to observe the prevalence of "before" laser shots, which is in agreement with the higher proportion of good data in the earlier GLAS campaigns. Nevertheless, and in spite of the overall small data availability, the wide distribution of deforestation and burnings sites corroborates the possibility of using the LIDAR waveforms to assess the extent of changes and how these impact the structure and biomass content of a variety of Cerrado physiognomies. Particularly concerning the burnt scars, multi-temporal availability, encompassing four years and two years worth of data before and after the burnings, can also be instrumental in assessing the trajectories of recovery of some of the impacted areas. Table 6 . Number of LIDAR points over burnt scars in the Cerrado (2007), organized in before and after groups and according to the three main observation periods (inset figure shows the spatial distribution of all burnt scars with before-after LIDAR occurrences). 
Concluding Remarks
The Ice Cloud and Land Elevation Satellite (ICESat) was the first of its kind to demonstrate the ability of orbital laser altimeter measurements to provide key information on the different components of the earth system, from the assessment of changes in ice sheet elevations [59] and sea level variability [60] to the derivation of the first global map of forest heights [45] . Interestingly, there has been no attempt to use GLAS data in the Brazilian Cerrado, in spite of the approximately 2.5 million laser shots acquired over the entire ICESat mission and the enormous potential of orbital laser profiling for more accurate regional estimations of carbon stocks and ecosystem productivity, as well as the assessment of anthropogenic environmental impacts, an urgent concern in the fast-change and threatened Cerrado.
Specifically, this study focused on the GLAS availability over the Cerrado, based on the analysis of screened data from the GLAS06 product. At the biome scale, we found 206,026 and 176,035 data points over remnant vegetation and cultivated pasture areas, respectively. The importance of laser shots over cultivated pastures, the main land use form in the Cerrado, reside in the possibility that the LIDAR waveforms, which include returns from the top of the canopy, within the canopy, and from the ground, may potentially respond to differences in pasture conditions and grazing intensity. If such hypothesis can be confirmed, LIDAR technology could become instrumental in assessing the quality of the Cerrado pasture, 50% of which are believed to be degraded.
The spatial patterns of these remnant vegetation and pasture data points were assessed in relation to 15 It is important to emphasize that all the 450,000 LIDAR shots encountered over the Cerrado comprise three main seasonal domains (i.e., dry season, early wet season and late wet season). While such seasonal availability can be instrumental for capturing the conspicuous phenology of the natural Cerrado physiognomies and for providing new insights on how the vegetation recovers after major disturbances, it also requires caution when combining shots from multiple campaigns or when combining LIDAR with other satellite products, in particular sun-synchronous passive optical data.
Although the effective data available may be slightly reduced after further "surface slope" and transmit pulse energy screening, the total amount of ICESat GLAS shots is certainly enough for acquiring a comprehensive understanding on how the echo waveforms respond to a variety of targets and conditions, many of them intrinsic to the Cerrado ecosystems. In particular, and as this study indicates, the amount of LIDAR data points, in spite of the data gaps, are well distributed for the retrieval of regional biophysical estimates. However, a synergistic approach with other remote sensing products seems to be necessary.
ICESat ceased acquiring data on 11 October 2009 and will remain the only source of orbital LIDAR data ever collected over the earth's surface until 2016, when ICESat 2 is scheduled for launch. This long interruption in data collection, although critical in many aspects, also gives the opportunity for further utilizing the millions of laser shots fired during the seven years ICESat was operational providing overall an excellent performance [61] . In the case of the Brazilian Cerrado, this is the time we need to catch up on exploring LIDAR applications at the biome scale, addressing key ecosystem questions yet poorly understood. The ICESat 2, carrying the only LIDAR instrument that will be flying for the remainder of the decade (as the DESDynI mission has been cancelled), relies on both the ICESat legacy, for continuity purposes as well as on new technology and broader mission goals [62] . Among the expanded mission objectives is the assessment of the global vegetation biomass, likely to benefit from a new micropulse cross-track channel, expected to yield data at 1 km spatial resolution. For the Cerrado, in particular, the possibility of 12 years worth of data across an 18 year period (assuming five years of ICESat 2 observations) may enable the accurate mapping of carbon stocks, as well as the assessment of major natural and anthropogenic changes in biomass, in support of the implementation of REDD-like (Reducing Emissions from Deforestation and Forest Degradation) conservation enforcement mechanisms.
